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LAWRENCE LIVERMORE LABORATORY
A.
NUCLEAR DATA APPLICATIONS -MEASUREMENTS 1. Neutron Total Cross Section for Tritium. (Phillips, Berman, and Seagrave*)
He have measured the neutron total cross section for tritium, for incident neutron energies ranging from 60 IceV to 80 WeV at the LLL linac, using a high-pressure gas sample and the neutron tlme-of-flight technique, with an experimental accuracy of better than 0.5% over much of this energy range. Similar measurements on hydrogen and deuterium also were performed. !>'
The cross-section data obtained for tritium ( Fig. A-l) lead to the following conclusions: (1) the extrapolated zero-energy cross section is found to be 1.70 +; 0.03 b, in sharp disagreement with pre vious thermal-energy observations, but in agreement with calculations which also yield the currently-accepted coherent scattering length, 3.73 ftn, (2) a minimum In the cross section near 600 keV (with a rise at lower energy) is newly observed, (3) agreement w.'.th a prediction from an analysis of p-^He data is within 1% at the resonance peak near 3.5 MeV, but the data differ from this prediction by as much as 6% at lower and higher energies, and (4) the cross section in the heretofore unexplored energy region between 7 and 14 MeV exhibits no structure, thus contradicting the existence of a bound four-neutron state.
2. photodfslntegration of Tritium (Beman, Faul, Mayer, and Olson)
We have measured both the two-body (y,ri) and three-body (Y,2n) photodisintegration cross sections for tritium, for incident photon ener gies from threshold to ^25 Mel' at the LLL linac, using a high-pressure gas sample and tsonoeuergetlc photons from the annihilation in flight of fast positrons with photon resolution between 1 and 2%, with an experi mental accuracy between 7 and 102.'> This is the first measurement o these cross sections across the energy region of their maxima. Similar measurements on deuterium, oxygen, and the helium Isotopes also were parforraed. Presently available calculations for the tritium cross sections are not adequate to explain the measured cross sections.
3. Photoneutron Cross Sections for 17 0 (Berraan,"Faul, Meyer, Woodworth, and Jury*)
We have measured the photoneutron [(y,n) and (y>2n)] cross sections for *'0 fro?a 8 to 40 MeV at the LLL linac, using a water sam ple and monoenergetlc photons from the annihilation in flight of fast positrons with photon resolution between 1 and 2S, with an experimental accuracy of 7X. Similar measurements on -"C and 1<*0 have been reported and published previously: measurements on ^°0 were performed simultane ously with those on 17 0;5 and others, on ^-5 N, ^Si, and 3 0si, will be performed later this year.
Measurements of
B8 Sr(p,n) to the Ground State and Low-Lying Excited States of "^Y (Grimes,. Poppe, and Wong)
In order to extract the (n,p) cross section for the unstable nuclide 88 Y (107 day) we have measured the inverse (p,n) cross section on the stable target 88 Sr for proton energies between 5.75 and 11 MeV. Protons from the LLT. raodel-EN tandem Van de Graaff accelerator bom barded a metallic foil target and neutrons were detected using a 16-detector time-of-flight spectrometer. The detectors, NE213 liquid scin tillators, spanned angles between 3.5° and 160° and were located at a flight path of 10.5 m. Overall resolution was sufficient to separate the a8 Y ground state (J* -4~), the first excited state (J" -5") at 0.232 HeV, and the second excited state U* = 1 + ) at 0.393 MeV. higher unresolved states were also observed. A Legendre polynomial fit was made Lo the angular distributions and the resulting Integrated cross sections are shown in Fig. A-2 . From the principle of detailed balance, the inverse cross sections ®°Y(n,p) °°Sr(g.s.) may be extracted from these data for the 88 Y ground state and the 0.3-ms isomer at 0.393 MeV. The data may also be used as a basis for Kauser-Feshbach calculations which will allow the total (n,p) cross section on the 88 Y ground state and important Isomers to be estimated. *Trent University, Peterborough, Ontario, Canada. 
5-Information on Gamma-Ray Strength Functions In the MaBB-90
Region from Proton-Induced Reactions (Dietrich, Heikkinen, and Gardner)
In order to understand the systematica of gamma-ray production we have extended our measurements In the raass-90 region to include exci tation functions and spectral distributions of gammas produced by proton bombardment of 92,96,lD0j| 0l Data were taken from 3 MeV to energies well above the (p,n) thresholds. Gamma rays were detected with Ge(Li) and anticoincidence-shielded Nal spectrometers.
The Ge(Li) detector was used to obtain Individual gamoa lines frcm transitions between low-lying states in the compound nucleus and from transitions following the (p,n) and (p,p') reactions where energetically possible. The Nal spectrometer was used to obtain the entire gamma-ray spectrum and the total energy released as gammas. Previous measurements on °°Sr, "Y, and ^^2r have shown that the excitation functions of individual gamma lines and the total energy released by gammas is reproduced reasonably well by standard i-ifluser-Feshbach calculations. However, the gamma spectral distributions require a modification of the energy-dependence of the El gamma-strength function from the usual Brink-Axel (Lorentzian) form. Such a modifica tion is described elsewhere lu this report and is being applied to calcu lations In the mass-90 region.
-<>1 > y %•"• *?> 6. Studies of (n, charged particle) Reactions with 14-15 MeV Neutrons (Haight, Grimes, and Barschall*)
Materials bombarded by fusion neutrons are altered by nuclear transmutations that produce hydrogen and helium. To assess the potential performance of these materials for fusion reactor application, cross section data are required by the fusion coTiununity and the Office of Fusion Energy. Under the sponsorship of the DOE Office of Basic Energy Sciences, we measure these quantities by detecting the charged particles emitted by materials under bombardment by neutrons of 14 to 15 MeV. By also measuring the energy and angular distributions of the charged particles, we are able to test nuclear reaction theories through model calculations and to deduce KEFMA factors for consideration of energy deposition by the nautrons.
In the past year we have measured Y, Zr, 92,94,95,96^0, G, 7 L1, and F. Together with our previous data the heavier targets complete most top priority materials for structural application for neutron energies in the 14-15 MeV region. A proton spectrum from '*Mo is shown in Fig. A-3 spectrometer for low-energy alpha particles emitted by the light targets, we have developed a high-pressure thin-window heliura gas cell.
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The nalpha elastic scattering cross section is taken to be the standard for this calibration. In recent years we have attempted to deduce neutron scattering by applying the Lane model to measured Cp,n) cross sections for chargeexchange to the isobaric analog state of the target nucleus, ' It was discovered that multi-step processes proceeding through excited states of the target and excited analog states have a pronounced effect on the ground-state transition" and must be understood if the Lane model is to be successfully applied. By using a coupled-channel calculation, we are able to reproduce the charge-exchange cross sections to excited analog states using only parameters derived from proton inelastic scattering and results of the ground-state analog measurements." Because of the good agreement between the experiments and calculations, we believe that measurements of (p,n) charge-exchange cress sections will allow us to In a study of 180^ using the ISlxad/^ny) 18^ reaction, we pro duced states up to I * 12 and were able to establish the details of the K" -2~ octupole band up to the 11" state. 10 Several other rotational bands were observed, including the previously-studied band built on the matastable K 1 * -8~ state at 1529 keV, the T-vibrational bands, and a new band built on a K " 5 state at 1639.8 keV. We also observed a state at 1634.6 keV which wc tentatively interpreted as the TC A confusing result from this study was our inability to identify the !•' « 0 and K » 1 components of the octupole vibration. In an attempt to understand this we performed a Hauser-Feshbach calculation using standard proton and neutron optical parameters and f-ray strength func tions. I 1 The calculation, which utilized all the known or predicted levels up to 2.5 MeV, gave generally good agreement with our observed Y-ray intensities and indicated that papulation of the K • 1 octupole band should be easily observable, while population of the K =• = 0 band would be too weak. We therefore made a further search for the bands using the decay of ^^Re.
Rhenium-180 decays to WOy by E emission from the J Tr =-1" ground state with ft Q-value of i\}800 keV. Therefore, we might expect the decay to populate states in !80 w having J" = 0" and 1" (as well as 2"). In the decay study, we were able to identify states up to 2.9 MeV. None of the states above 1232.7 keV had been observed previously except tb.s. one at 1831.7 keV. The states at 1587.25 and 1632.90 keV, and a state at 1693.6 keV observed both in the (p,2ny) study and in (d,d') excitation, could be the first three members of the K 71 » 1~ octupole band. More specula tively, the state at 1814.9 keV, which agrees very closely in energy with a state seen in ( the results of the Hauser-Feshbach calculation, i.e. , the population of the 1693.6-keV state in the (P,2TI-Y) experiments agrees well with the predictions for 1=3 member of the K -1~ band.
10. Beutron-Capture Cross Sections for Osmium Isotopes (Berman and Browne*)
We have measured the neutron-capture cross sections for ^°0s, 187 0s, 188 0s, lS9 0s, 190 0s, snd 192 0s for neutron energies from 0.5 eV to 150 keV at the ILL linac, using powdered-metal samples and the neutrontime-of-flight technique, with an experimental accuracy of 5%.
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The ratio of the Maxwellian-weighted average cross sections for ^8&0s a/id 187 0s j, e a r 30 ksv is a vital parameter for the determination of the duration of nucleosynthesis prior to the formation of the solar system, and thus, for the determination by the nuclear-dating technique of the age of the universe. The present result of 17 + 4 x 10' y is in concord ance with the values obtained from U-Th dating and from the globularcluster method, but clearly exceeds tha most recent determination of the Hubble time. Neutron flight time, ns in the fit to the measurements has been achieved with the new cross sec tions (see Fig. A-4) , the changes In the cross sections between the B-IV and B-V library do not yeduce the discrepancies between measurements and calculations pointed out earlier for version IV of the library. In par ticular the B-V calculations continue to underestimate the neutron pro duction bet-ween 5 and 10 HeV for Cu and 238u. The discrepancies vary from up t3 59% for Gu to 37% for 238 D.
A detailed discussion of the cross section changes between the two libraries and the reasons for the persistence of the discrepancies is given in Kef. 13. We have studied the sensitivity of the results: (i) to the optitical parameters used in cht calculations, (b) to the shape of the nuclear charge distribution (a deformed homogeneous or a deformed Fetml distribution), (c) to tiie type of coupling assumed among the levels (i.e. quadrupole and/ir hexadecapole for the 4 + , 6 + levels), (d) to the type of expansion (a Taylor pawer aeries or a Legendre polynomial) used for the nuclear and Couljmb potentials, and (e) to the magnitude of the deforma tion parameters, jjj] and e,-; used for the nuclear and Coulomb potentials.
Proton Inelastic Scattering in the Actlnlde
iTdo the fits to the data we have determined the best choice among conditions b-d, and the best set of optical and deformation para meters. These results will be used in the analysis ot the (p,n) cross sections at 26 MeV for 232^ an( j 238U lsobaric analog states. These (p,n) measurements are in progress and the simultaneous analysis of the proton scattering and charge exchange data will allow U3 to infer neutron in-elastic cross sections for these nuclei. 
Figglan Cross Section of
2^5 Cm (White, Browne*, Howe, and Landrum)
As part of an ongoing series of measurements in the transplutonlura mass region, the neutron-induced fission cross section of '"Cm has been measured from 0.001 eV to 20 MeV using the LLL IDO-MeV linac. The sample consisted of 190 pg of enriched (>99%) 2^5 Cra. A sample of 235 U was included in the measurement and was used to normalize the 2 "(,'m cross section above 10 keV. Below 10 keV the neutron flux was measured with a lithium glass detector and both the 2^C m and 235JJ data were re duced to relative cross sections iiy normalization to the measured flux shape. With the known 2200 m/sec 2J5u fi 3S i 0 n cross section, the ratio of 245Q"/235[J masses, and relative efficiencies of the fission chambers, the 245 Cra data were redjced to absolute cross sections.
Errors (statistical) on the data are approximately 2% near ther mal, 1% at 2 HeV anJ 5% at 14 MeV• The measured thermal fission cross section for 2 * J CBI in this experiment is 2080 barns.
The data were analyzed in the resonance region with a multi channel R-matrix code with least-squares fitting capability. Preliminary resonance parameters have been obtained for levels below 32 eV. 14. Fission Neutron Multiplicities for 245 Cm, 232 Th. and 242m Am(n,f) Reactions (Howe, Browne*, White, Dupzyk, Landrum, and Dougan) Fission neutron multiplicities have recently been measured for neutrons incident on 2-, 5(; m . Neutrons with energies between 10 keV and 20 l-.' eV were produced with the electron linac. Typical uncertainties were 5% at 1 MeV and 255! at 15 MeV. A separate experiment was performed with this same accelerator to measure the neutron multiplicity near thermal energy to an accuracy of 1.7X. Preliminary results from both of these measurements fall below previous thermal values and typical rates of increase with incident neutron energy. To provide further confirmation of these numbers, a future experiment is being planned using a monoenergetic 14-MeV neutron source.
Analysis is complete on the data from 232 Th(n,f) neutron multi plicity experiment. Previously-observed deviations from linearity below 2 HeV have beer, con firmed. While no unusual effects were observed near the (n,n'f) thres hold, a slight depression in the data does appear between 3 and 4 MeV.
Results from the 2^2 r Aa(n,f) measurement are shown in Figure A-6. B. NUCLEAR DATA APPLICATIONS -CALCULATIONS
1.
A Study of the El Gamma-Ray Strengi-h Function.
(Gardner, Gardner, and Dietrich) Previously, we described systematica for the parameterization of fE1^EY^ > tne £ 1 gamma-ray strength function, in terms jf the tall of the giant dipole resonance (CDR), which was assumed to be Lorentzian in shape.
1 * The parameterization was tested In the mass-90 region by a study of neutron and proton capture cross sections and the resulting capture gamaa-ray spectra. ' We found that the capture cross sections could be predicted fairly well, with perhaps two exceptions, but the calculated gamma-ray spectra were invariably too "soft," I.e., lacking in sufficient strength for the higher energy gamma rays.
It. was felt that the problems concerning the spectral shapes might be attributed to the choice of the Loreniz form for the extrapo lated tail of the GDR. This past year we have developed an alternate form for the parameterization of the GDR,*" and are in the process OL evaluating it, both in the aass-90 region" and also for nuclei from Ta to Au.I peak of the GPS with a Breit-Vtgner form, but with an energy-dependent width.
«V " r, (^)(t) (%f^)
Here I" R and ER are the usual GDR width and peak energy, while C and E Aare global constants to be obtained by fitting spectral data. Thus the true damping width, r(Ey), was allowed to increase with gamma-ray energy until !(E y ) = r R , at which point the width was held constant for all higher energies.
An example of the new functional form is illustrated in Fig. B -l in the case of "Nb(n,Y). The two energy-dependent Brelt-Wlgner (EDBW) curves represent different choices for the constant C In Eq. 1. Both EDBW curves produce "harder" gr.mma-ray spectra than the Lorentz curve. The results of our preliminary study show that the same values for the two constants, C and E);, produce acceptable fits for both neutron capture cross sections ind capture gamma-ray spectra, both in the mass-90 region and also in the Ta-Au mass region, and, in addition, produce agreement with the photonu'-lear data at higher gamma-ray energies.
2. Nuclear Level Densities (Grimes, Bloom, and Dalton*)
The Fermi-gas model is the most extensively used approach to nuclear level densities. A more fundamental approach, however, would be to calculate the level densities from the two-body force. Not only would the connection between the force and level densities be explicit, but for practical calculations one could avoid empirical adjustments that the Fermi-gas model requires to account for shell effects.
We are investigating the calculation of nuclear level densities from the two-body force through the theory of spectral distributions. The level distribution in a finite basis is assumed -o be Gaussian cad can be characterized in terms of the total number of states, the average energy of the states (<H>) and the average energy squared of the states (<H 2 >). Comparison of such an expansion with the eigenvalues obtained *Ames Laboratory, USDOE, Ames, Iowa 50011. from dlagonallzation showed good agreement."* In more recent wo we found that the spectral distribution calculations compared fairly well with experimental data, but that terms additional to the Gaussian were needed to obtain the spin cutoff parameters. Work is prpsently under way to expand the capability of the level density codes tu allow the calculation of third and higher moments of the Haoiltonian.
C.
NUCLEAR DATA FOR REACTOR SAFETY 1. Determination of Properties cf Short-Lived Fission Products (Meyer, Henry, and Lien)
Decay data on short-lived fission products are required to re solve a number of problems associated with the design and operation of both thermal and fast reactors. Existing reactors cannot exceed power levels which are determined by the amount of heat generated in the core following a loss-of-coolant accident. This decay heat is produced by fission products and can be measured on a case-by-case basis or calcu lated using summation calculations. These calculations depend an exist ing data bases. In a program supported by DbE/BES we are measuring the decay properties of critical short-lived fission products in order to upgrade the EHDF/B data base. Existing plants must also carefully moni tor effluents and the production of poisons (neutron absorbers) in the reactor core. Both these procedures depend on an accurate fission prod uct data base. Finally the properties of the short-lived f sion products which are beta-delayed neutron emitters must be known to predict the kinetic behavior of thermal and fast reactors. Our program is directed toward the measurement of the total decay energies, y-ray spectra, betadelayed-neutron spectra, and the average 6-and y-energy releases from these isotopes. Isolation of individual nuclides is performed with rapid automated radiochemical separation procedure;", because these techniques yield isotopes of elements net available with the purely physical separa tion systems currently being used.
We have completed detailed experiments aimed at the determina tion of absolute intensities of Y rays associated with the antimony fission products. Of particular Importance is 133 Sb in which we dis covered the unexpectedly large population of Che daughter ^^Te isomer. Of the 168 T rays we observed in the l^Sb decay only those with inten sities of five percent or greater are listed in Table C We have identified and isolated fission products with y rays of up to 9 MeV, e.g., from the decay of 5-s 8^A s. In order to determine their relative Intensities we have had to recalibrate a large volume Ge(Li) detector against the thermal neutron capture y rays of chlorine and chromium. The general shape of the efficiency curve to 10 MeV has been questioned in the literature by McCallum and Coote.20 <jur calibra tion curve is in general agreement with theirs.
3. Tine Dependent Beta-Delayed Neutrons from Fissioning Systems (Waldo, Karani,* and Meyer)
We have used a ^He ionization chamber in computer-controlled rapid rabbit transit system to measure the time-dependent B-delayed neutron yields. The time-dependent gross neutron counts were analyzed in a least-squares manner to obtain 2 f".w (4-6) group analysis.__ Gross 6-delayed neutron yields (relative to ^^U) were obtained for ^-^Th, 232 Uf 233 0j 238 Ut 537 Kpf 238 Pu> 239p Uj 24l Pu> 242 Pu> 241^, 242*^ 24^Cm, and 249cf. These data were compared with results calculated using a simple Z p model of the form Table C-2.   D,  FISSION PHYSICS 
